Objective: Birth defects are an increasing health priority worldwide, and the subject of a major 2010 World Health Assembly Resolution. Excess cancer risk may be an added burden in this vulnerable group of children, but studies to date have provided inconsistent findings. This study assessed the risk for cancer in children and young adolescents with major birth defects.
Introduction
An estimated 3% of babies are born with major birth defects [1] [2] [3] . In the United States, this translates into at least 120,000 newly affected babies every year, and millions more worldwide. The impact of birth defects is profound and wide-ranging, in affluent as well as, increasingly, in lower income countries. Recognizing such impact, the World Health Organization has recently identified birth defect prevention and care as a global priority [4] .
The health burden associated with birth defects is significant; in the United States and many other countries, birth defects are the leading cause of infant death and a major contributor to disability and pediatric hospitalizations [3] , [5] , [6] . Cancer risk could add to this recognized burden. However, whereas the evidence for increased cancer risk is robust for conditions such as Down syndrome [7] [8] [9] [10] [11] [12] [13] , it appears less consistent for many structural birth defects, with studies providing varying estimates for different types of birth defects and often only for broad categories with limited clinical specificity [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Research has uncovered the basis for a few associations between birth defects and cancer, mostly related to genes involved in growth homeostasis [20] and DNA repair/maintenance [20] , [21] . However, for most cases in which birth defects and cancer occur together, the underlying causes and mechanisms, whether genetic or environmental, remain unclear. Further clues could be uncovered by better information on patterns and magnitude of cancer risk in children with birth defects. By helping to identify who is, and who is not, at increased cancer risk, such information could translate into better care and long term outcomes.
However, such studies are challenging: they require large population-based samples, longitudinal follow-up, detailed and validated information on clinical phenotype, and appropriate reference populations. In this study, we evaluated a large population-based cohort of U.S. children and young adolescents with birth defects to quantify and qualify their risk of cancer prior to age 15 years.
Methods
Study Design, Setting, Subjects (Table 1) The Institutional Review Board (IRB) in each of the three states (University of Utah, IRB; Utah Department of Health, IRB, Resource for Genetic and Epidemiologic Research Review Board; Arizona Department of Health Service, Human Subjects Review Board; The University of Iowa, Human Subjects Research Office) approved the study. These IRBs waived the requirement to obtain informed consent because the study used existing data collected under public health surveillance statutes as reportable conditions and required no patient contact.
The three states partnered to increase the available study population. This partnership was facilitated by the presence of similar population-based surveillance programs of birth defects and of cancer (Table 1 ) with access to clinical abstracts for clinical case review. The study compared two population-based cohorts derived from an underlying birth population of 2.7 million singleton liveborn infants of resident mothers in Utah, Arizona, and Iowa (''UTAZIA'' study). The index cohort included all children with selected major, non-chromosomal birth defects and selected chromosomal anomalies identified from these states' population-based birth defect surveillance programs. The reference cohort consisted of children without birth defects, randomly selected from the states' birth certificates and frequency-matched (3:1 ratio) to the index cohort by year of birth. We then linked the reference cohort to the data in the birth defect surveillance programs to exclude children with birth defects.
Data Sources, Inclusions, Exclusions, Clinical Case Review
The primary data sources were the birth surveillance programs, to select the birth defect cohort, and vital records databases, to select the reference cohort and to obtain death abstracts. These initial cohorts were reviewed (Figure 1 ) for inclusion and exclusion criteria, leading to the final study cohorts. Briefly, subjects were selected based on the presence of selected major birth defects, as defined by the National Birth Defect Prevention Network [22] . These birth defects account for most clinically significant conditions (found in 1.5 to 2 percent of births overall) while excluding common conditions that are inconsistently identified around the time of birth, may resolve spontaneously, or require minor or no medical procedures (e.g., patent ductus arteriosus in the newborn, bicuspid aortic valve without stenosis, undescended testis, pre-auricular tags, pigmented nevi).
Because of early lethality, we also excluded infants with anencephaly and babies weighing less than 400g at birth or less than 20 weeks of gestational age. Clinical case review by a boardcertified clinical geneticist and a pediatric oncologist led to the exclusion of secondary conditions (19 in the birth defect cohort) misclassified as primary birth defects (e.g., ''hydrocephalus'' due to brain tumors obstructing the flow of cerebrospinal fluid [8] , hydronephrosis due to mass effect of abdominal tumors, and ''anophthalmia'' due to removal of the eye following a diagnosis of retinoblastoma), and also to the exclusion of all cases of Langerhans cell histiocytosis (two in the reference cohort, one in the birth defect cohort) because of the controversy over whether this condition is a true malignancy [23] , [24] . The final study cohorts are summarized in Table 1 . 
Data Classification
We classified structural, non-chromosomal birth defects based on clinical and developmental considerations. For example, we separated limb deficiencies into transverse, preaxial, and postaxial types. We also classified heart defects hierarchically [25] : every child with a heart defect was assigned to a single heart defect group, based on embryologic timing and mechanism [25] [26] [27] . Complex heart defects included single ventricle and its variants (e.g., double inlet left ventricle) and laterality defects (e.g., situs ambiguus). When a non-chromosomal birth defect case had two or more unrelated major birth defects, it was counted in each specific birth defect group; for example, a case of spina bifida and hypospadias contributed to the counts for both spina bifida and hypospadias. However, group totals, overall and by organ system (e.g., non-chromosomal birth defects, brain defects) count people with these conditions, not defects.
We included children with trisomy 21 plus Klinefelter syndrome (48 XXY, +21) in the trisomy 21 group. We classified children with other chromosomal anomalies (e.g., deletion 22q11) who had a major birth defect (e.g., a heart defect) in ''other chromosomal anomalies.'' We grouped cancers using the International Classification of Childhood Cancers [28] . One child developed two primary cancers; we considered only the first diagnosed cancer.
Statistical Methods
We restricted the analysis of individual structural birth defects to non-chromosomal cases. We analyzed chromosomal cases separately, by chromosomal diagnosis. To identify cases of cancer, we linked both cohorts to each state's cancer surveillance program. To identify deaths, we also linked these cohorts by name, birth date, and sex to administrative databases (state vital record, National Death Index, and Social Security Administration). Linkages used a combined probabilistic and deterministic approach, followed by manual review of individual record matches [29] . The follow-up time (Table1) was 363,000 person-years (PY) in the index cohort and 1.38 million PY in the reference cohort.
Using these data we computed person-time as the duration from birth to cancer diagnosis prior to age 15 years, death, or to the end of follow-up period (December 2005 for Arizona and Iowa, and December 2008 for Utah), whichever came first. Age-specific cancer incidence was based on the number of cases per 100,000 PY of follow-up through that age. To appropriately account for censored data, we used the Kaplan-Meier method to estimate cancer-free survival and cumulative cancer incidence. We used Cox proportional hazards models to adjust for potential confounders, including preterm birth, birth weight, sex, and maternal race/ethnicity, age, education, and state. Missing data were not imputed. Due to confidentiality agreements, the number of cases of cancer is not specified if it is fewer than five. Sample size of the cohort with birth defects was determined based on the largest number available from the three birth defect surveillance programs. Statistical analyses were done with SAS 9.1 (SAS Institute, Cary, NC).
Results
Baseline characteristics of the cohort with birth defects and the reference cohort are shown in Table 2 . The cohort with birth defects had a higher proportion of male births, shorter length of pregnancies, and lower average birth weight. The male excess was driven by the presence of hypospadias, a common male-specific defect. The reference cohort was similar to the total underlying birth population of 2.7 million live births for the same years (data not shown) for all the maternal and child characteristics available in birth certificates. Cancer incidence was 2.9-fold higher in the index cohort (33.8 per 100,000 PY) compared to the reference cohort (11.7 per 100,000 PY), with considerable variation by phenotype (Table 3) . Because adjustment for maternal and child characteristics did not appreciably change the estimates, we present the unadjusted estimates and summarize the adjusted estimates in Table S1 .
Non-chromosomal Birth Defects
Compared to the reference cohort, cancer risk was increased two-fold among children with non-chromosomal birth defects. Table 3 summarizes cancer risk by type of birth defect. Among defect groups with at least three cases of cancer, risk was increased in children with eye defects, microcephaly, cleft palate, and some heart and renal defects. Retinoblastoma occurred in a small number of children with cataracts and microphthalmia (data not shown). We also identified a positive association between heart defects as a group and cancer; however, subgroup analysis was limited by the small number of cancer diagnoses by type of heart defect. The types of cancer for which risk was increased included the ''embryonal'' childhood cancers, such as neuroblastoma, retinoblastoma, and hepatoblastoma (Table 4) . In contrast, for many common defects, including hypospadias, pyloric stenosis, cleft lip with or without cleft palate, and hydrocephalus, cancer risk was not increased compared to the reference cohort.
Chromosomal Anomalies
No case of cancer was reported among 615 children with trisomy 13 or 18 (Table 3) . Among children with Down syndrome, cancer incidence was 14-fold higher than in the reference cohort. Children with Down syndrome represented 7% of the index cohort (3202/44151) but contributed 35% of the cancer diagnoses (43/123). The distribution of common vs. variant forms of Down syndrome (e.g., Robertsonian (21;21) translocation, partial duplication of chromosome 21, or trisomy 21 with Klinefelter syndrome) were similar in children with Down syndrome who did vs. did not develop cancer. The excess cancer risk in children with Down syndrome was driven mainly by leukemias (Table 5) , with the highest incidence rate ratio (IRR) observed for acute myeloid leukemia (IRR, 224.0). As a group, cancers other than leukemias and lymphomas (Table 5 , bottom row) occurred at a frequency comparable to the reference cohort (IRR, 1.0), although within this group the rates of individual types of cancer varied considerably, with increased rates noted for myelodysplastic disorders, osteosarcoma, and teratoma (Table 5) .
The ''other chromosomal anomalies'' group had a 7-fold increased risk compared to the reference cohort. The recorded cancers included lymphocytic lymphoma, nephroblastoma, and pilocytic astrocytoma, in children with Wolf-Hirschhorn/4p-syndrome, Cri-du-chat/5p-syndrome, and Turner syndrome.
Effect of Clinical Case Review and Classification
Because of earlier reports of increased cancer risk in children with hydrocephalus or heart defects, we evaluated these associations before and after clinical case review. Before clinical case review we had identified 15 cancer diagnoses in children with hydrocephalus, suggesting a 10-fold increased cancer risk (IRR, 10.7). However, with clinical case review, all but one of the hydrocephalus diagnoses were found to be secondary to a brain tumor obstructing cerebrospinal flow or to intraventricular hemorrhage in a preterm baby (1 case). After excluding these cases, the excess cancer risk disappeared (IRR 0.9, Table 3 ). Similarly, after the hierarchical classification of heart defects, many of the previously significant increased risks (tricuspid atresia/stenosis and atrioventricular septal defects) were reduced to levels comparable to the reference cohort, although a modestly elevated cancer risk remained for some septal defects (Table 3 ).
Time Course of Cancer Risk
The cancer-free survival curves of the index and reference cohorts diverged significantly (p,0.001) soon after birth, markedly in the group with chromosomal anomalies (Figure 2 , top panel), and less so in the group with non-chromosomal birth defects ( Figure 2 , middle panel). The hazard for cancer was highest in the first 3 to 5 years ( Figure 1 , lower panel), after which it was similar to the reference cohort (see Table S2 for additional data). A similar pattern was also seen among children with Down syndrome (data not shown). The corresponding cumulative incidence of cancer over time is shown in Figure 3 .
Discussion

Key Results
In this population-based study, children and young adolescents with major non-chromosomal birth defects had a two-fold increased risk for cancer prior to age 15 years. However, cancer risk varied markedly by type of birth defect. In particular, we found increased cancer risks in children with microphthalmia, genitourinary defects (renal hypoplasia and obstructive renal defects), microcephaly, and cleft palate (Table 3) . These associations could be clues to underlying cancer-predisposing conditions, which could be pursued in further studies. Conversely, and reassuringly, for many common defects the risk for cancer was low and similar to that observed in the reference population of children without birth defects.
With regard to cancer type, the excess cancer risk in children with non-chromosomal birth defects appeared to be driven mainly by tumors other than leukemias and lymphomas; such ''embryonal'' tumors, which include neuroblastoma, hepatoblastoma, and nephroblastoma, were temporally restricted to childhood and exceedingly rare later in life. Biologically, these tumors could represent the endpoint of mis-programmed organ development rather than the result of early exposure to carcinogens, and unlike typical cancers of the adult, may share pathophysiologic features with birth defects. To date, evidence of causal or mechanistic commonalities between birth defects and cancer has been scarce. Aside from a few Mendelian conditions (e.g. Fanconi syndrome [21] ) and genomic disorders (e.g., Beckwith Wiedemann syndrome [20] ), few genetic factors are known be associated both with major structural birth defects and childhood cancer. Some morphologic factors, such as low birth weight, are associated with birth defects and possibly with hepatoblastoma [30] ; however, the causal role of low birth weight is unclear, as it could also represent an associated outcome or a marker of exposure (for example to parental smoking). Even less is known for environmental factors. For example, parental smoking is an established risk factor for orofacial clefts [31] , but its link with most types of childhood cancers remains uncertain [32] [33] [34] . Finally, we found a 14-fold increased cancer risk among children with Down syndrome mainly due to lymphoid and myeloid leukemia. Although such relative risk is high, the absolute risk was fairly low. For example, for childhood leukemia, the absolute risk was in the order of 1 event in 600 person-years. Of note, in Down syndrome the risk for other types of cancers (e.g., the ''embryonal'' tumors) was not decreased, unlike what has been reported for cancers occurring later in the life of people with Down syndrome [35] .
Cancer risk was also time-dependent. The cancer-free time curves of the reference cohort and the affected cohorts (Figure 2 ) diverge early in life. Interestingly, the curves continue to diverge for the children with chromosomal anomalies but seem to stabilize in early childhood for children with non-chromosomal birth defects. This is reflected in rising cumulative incidence curves in the main study cohorts (Figure 3) , and is confirmed by the agespecific hazard rates (Figure 2, bottom panel) indicating an excess risk clustered in the first 3 to 5 years of life. The clinical implication is that clinical surveillance can be focused in time as well as by defect type.
Several high-quality studies, some recent, have examined aspects of the relation between birth defects and cancer; the findings, however, are variable and inconsistent [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . Among genitourinary defects, we confirmed an increased cancer risk in children with renal hypoplasia and obstructive renal defects [7] , [8] , even after careful case review to exclude hydronephrosis due to a mass effect of an abdominal tumor, but found no increased risk in children with hypospadias. Among children in the reference cohort, the incidence of cancer was higher in younger children, as has been seen repeatedly in large population surveys [7] , [49] , [50] , and was very similar (11.7 vs. 11.6 per 100,000 PY) to that reported in a recent comparable Canadian study in the same age group [7] . Cancer risk was reassuringly low and comparable to the reference cohort for many common defects such as hypospadias, cleft lip (with or without cleft palate), pyloric stenosis, and hydrocephalus. This is at variance with some prior findings [8] [9] [10] , [14] , [15] , [48] . The incorporation of clinical record review in our study could explain some of the discrepancies. For example, some studies reported an association between brain tumors and brain malformations such as hydrocephalus [8] , [13] , [14] . Concern has been raised [8] that in registry-based studies a diagnosis of hydrocephalus could be assigned to cases in which the hydrocephalus was secondary to a brain tumor obstructing the flow of cerebrospinal fluid, generating a spurious association. Because of this concern, we compared the association between brain cancer and hydrocephalus before and after clinical case review, and found that what appeared initially to be a strong association disappeared completely once cases of secondary hydrocephalus were identified and excluded.
For Down syndrome, prior studies [7] [8] [9] [10] , [12] , [13] , [17] , [51] [52] [53] reported similar risk patterns, with some variation in the magnitude of the estimates. Children with trisomy 13 or 18 had a different risk profile. Previous case reports have documented the occurrence of Wilms tumor and hepatoblastoma in a few children with trisomy 18 [45] , [54] [55] [56] . In our population-based cohort study we found no reported cases of cancer in this group, suggesting that an excess risk for cancer in children with trisomy 13 or 18, if present, is probably low and has a limited population impact; this limited impact is also due to the high mortality (and therefore short time at risk for cancer) in this group of children. This is consistent with an estimate suggesting that the absolute risk is in the order of 1% or less [56] .
Compared to the studies reported to date, the current study adds information on specific birth defect groups that are clinically relevant and more precise than groupings based exclusively on the ICD coding conventions [7] , [8] . Whereas the specific grouping may in some cases lead to relatively small sample sizes, it provides a level of detail that can be helpful to clinicians and researchers, and facilitates future meta-analyses.
Limitations
In studies of birth defects, ascertainment is a significant challenge. In this study, which is based on liveborn infants followed over time, the rates of individual birth defects were consistent with prevalence rates in livebirths reported in high quality surveillance programs in the United States [22] and internationally [57] . Clinical case review was completed through review of medical records abstracted into birth defect and cancer surveillance reports, rather than direct clinical examination; thus, some diagnoses and clinical syndromes may have been missed. An ascertainment bias of cancer in children with birth defects is unlikely, for several reasons. Children with birth defects are not monitored more closely for cancer than other children, and because cancer often develops years after a diagnosis of a major birth defect is made, the diagnostic evaluation for birth defects would not uncover cases of cancer. The converse, however, is probably a greater concern; finding previously undiagnosed birth defects during the diagnostic evaluation of a child with cancer. Factors that we think make such bias unlikely in this study include the focus on major birth defects, rather than minor anomalies that are more likely to have been missed early in life, and the clinical case review that examined the timing of diagnosis (to ensure that the birth defect diagnosis preceded that of the cancer). The case review also specifically mitigated another potential bias, that is, the miscoding as a birth defect of a structural finding that was a consequence of the cancer: one example of such miscoding is ''hydrocephalus'' secondary to a brain tumor impeding the circulation of cerebrospinal fluid. We used population-based cohorts and population-based cancer and death registries to minimize selection and follow-up biases. Because no single cancer registry exists country wide, people who moved from the state of birth to another state and there developed cancer would not have been identified in the study. If this occurred differentially in the two cohorts, bias could have arisen. If similar in the different cohorts, such inaccuracies would tend to dilute the estimates of cancer risk towards the null. This study also had limited power to detect weak cancer risks associated with rare defects, a limitation common to many cohort studies. A metaanalysis of similar studies could strengthen the quantification of risk associated with rare defects. Several birth defect subgroups were small with few cancer events (Table 3 ) and the associated risk estimates are inherently unstable: the addition of a single or a few cases of cancer would change the risk estimates considerably. Nevertheless, the primary results-cancer risk among non-chromosomal birth defects and selected chromosomal anomalies-as well as the secondary analyses of the larger birth defect groups, were considerably more stable (Table 3) , due to the comparatively large cohort size. Because of the many groups analyzed (,150 in Tables 3, 4 , 5), chance may have played a role in some of the findings beyond the primary analyses. Correcting for multiple testing is controversial in epidemiologic studies; highly regarded epidemiologists disagree not only on methods but also on its intrinsic value [58] [59] [60] . Corrections are often applied in studies with a massive number of tests. Thousands of 'tests' are commonly done in genome-wide association studies or in nutrient studies with hundreds of compounds and multiple outcomes. In this study, however, the number of tests is still relatively low and the full scope of the analysis is provided, allowing for a direct evaluation of the potential role of chance. In addition, the analysis of the main groups (e.g., overall risk for cancer, with or without chromosomal anomalies) was hypothesis-driven and based on previous reports. Ultimately, however, as for all studies, associations will be confirmed or dismissed based on replication, and specifically, the joint findings of high quality studies.
Finally, the study focused on childhood cancer, defined as cancer occurring prior to age 15 years. Whether children with birth defects are at increased risk for cancer at a later age is an important question that can be answered with longer follow-up.
Interpretation and Conclusions
We found a modest but significant increased risk for cancer for specific non-chromosomal birth defects, including microcephaly, congenital cataract, microphthalmia, cleft palate, renal hypoplasia, obstructive renal defects, and selected heart defects. Conversely, for many common birth defects, the risk was not significantly increased. In a clinical setting, focusing on overall risk estimates would be inaccurate and potentially misleading, and may produce unnecessary concern in many families with affected children while potentially failing to properly consider cancer risk in children with specific clinical phenotypes. In some of these clinical presentations associated with increased cancer risk, in-depth genetic consultation could be indicated, with the goal of identifying recognized cancerpredisposing conditions. Furthermore, with the increasing power of molecular evaluation, such clinical research could lead to discovering new conditions that could shed further light on the origin and development of cancers among children and adolescents. Table S1 Adjusted Relative Risk for cancer by major class of birth defects, UTAZIA study.
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